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Abstract 24 
A mining district in south China shows significant metal(loid) contamination in 25 
paddy fields. In the soil, Pb, Cd and As were 516.7, 11.7 and 35.1 mg·kg-1 26 
respectively. The content of Cd exceeded the environmental quality standard for 27 
agricultural soils in China by approximately 82%. The contents of Pb, Cd and As in 28 
rice were 22.7, 1.1 and 0.7 mg·kg-1 respectively. These concentrations are also higher 29 
than the agricultural industry standard of China for rice. The elevated contents of Pb, 30 
Cd and As detected in soils around the factories, indicated that their spatial 31 
distribution was influenced by anthropogenic activity. Greater concentrations of Cd in 32 
rice appeared in the northwest region of the factories, indicating that the spatial 33 
distribution of heavy metals was affected by natural factors. The metals affected the 34 
viability of HepG2 and KERTr cells, which decreased with increasing metal 35 
concentration. Co-exposure to heavy metals (Pb+Cd) increased the metals (Pb or 36 
Cd)-mediated MT protein induction in both human HepG2 and KERTr cells.  37 
Increased levels of MT protein will lead to greater risk of carcinogenic manifestations, 38 
and it is likely that chronic exposure to metals may increase the risk to human health.  39 
Nevertheless, when co-exposure to two or more metals occur (such as As+Pb), they 40 
may have an antagonistic effect thus reducing the toxic effects of each other. 41 
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1. Introduction 46 
Soil pollution, especially in paddy fields, is an increasing concern for China. 47 
Pollution is predominantly from industrial and agricultural activities, whilst the soils 48 
in the south are more polluted than north China (Zhao 2015). Mining activities usually 49 
result in large volumes of waste materials, tailings, and acid mine drainage, which 50 
often contain high concentrations of potentially toxic elements (As, Cu, Zn, Cd, Pb 51 
etc). High concentrations of heavy metals can be found in and around abandoned and 52 
active mines due to the discharge and dispersion of mine waste into nearby air, water 53 
and soils (Witte et al. 2004; Liao et al. 2005).  Metals accumulated in crops growing 54 
in the polluted soils potentially pose a health risk to residents in these areas (Wong et 55 
al. 2002; Galán et al. 2003; Zheng et al. 2007). Exposure routes differ, and may be 56 
through ingestion of vegetables grown on contaminated soils or through dust 57 
inhalation and dust adhering to plants (Seyfferth et al. 2014; Li et al. 2015). 58 
Soil and crop pollution as a result of mining activities is now an important issue 59 
around the world (Candeias et al. 2014). Copper mining activities in the Vigonzano 60 
district of northern Italy has created multi-contamination of Cr, Ni and Cu (Dinelli 61 
and Tateo 2001). Karim et al. (2015) showed that soils in Karachi, Pakistan, which are 62 
influenced by intensive anthropogenic activities have exceptionally high 63 
concentrations of Pb. Furthermore, sediments in the Baixo Jacuí region, southern 64 
Brazil, are polluted with Cu, Fe, Ni, Pb, and Zn contamination from coal-related 65 
  
activities (Teixeira et al. 2001). Espinosareyes et al. (2014) showed mining activities 66 
caused severe pollution in the district of Villa de la Paz, Mexico, which showed that 67 
the concentrations of As and Pb in soils were higher than the national regulations for 68 
urban or agricultural areas. Candeias et al. (2014) investigated the environmental 69 
contamination impact on agricultural and residential soils in S. Francisco de Assis 70 
village due to mining and found that As in vegetable rhizosphere soils exceed 20 71 
times the reference value for agricultural soils and some edible plants frequently used 72 
in the region could be enriched in metals/metalloids and may represent a serious 73 
hazard if consumed. Cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), 74 
manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn) in Australian grown rice and 75 
vegetables were investigated, and showed that brown rice was a potential source of 76 
dietary heavy metals (Rahman et al. 2014). The mean values for Pb and Cd in 77 
domestic cultivated and imported rice were considerably higher than limits set by 78 
FAO/WHO(Naseri et al. 2015). Mining activities around rice cultivation has increased 79 
the heavy metal contamination of paddy soils (Zhu et al. 2008; Williams et al. 2009), 80 
for example in Hunan province, where Liao et al. (2005) found that As in rice in 81 
Chengzhou, Huan contained concentrations of 7.5 mg/kg，significantly higher than 82 
China food standard maximum limits for rice（0.2 mg/kg. Zhou et al. (2004) 83 
investigated total contents and chemical species of heavy metals in tailings and soils 84 
in a vicinity of Dabaoshan mine, Guangdong province, and found that the paddy 85 
fields irrigated from the Hengshi River had been contaminated by heavy metals. 86 
  
Average concentrations of Cu, Zn, As and Cd were 560.91, 1135.08, 218.07 and 2.453 87 
mg/kg, greatly exceeding the recommended Environmental Quality Standard for soils. 88 
Geostatistical techniques with variography and kriging have been commonly 89 
used to model the spatial structure and delineate the spatial variability of soil 90 
properties as well as physicochemical properties in soil environment (Lv et al. 2013). 91 
Geostatistical techniques were used to quantify the spatial heterogeneity of organic 92 
carbon and total nitrogen of a monsoon evergreen broadleaf forest soil in 93 
Dinghushan，Guangdong, China (Zhang and Ou et al., 2014). Zhang and Nie et al., 94 
(2014) used geostatistical techniques with kriging to investigate the spatial 95 
distribution, fractionation and contamination degree of heavy metals in soils of gold 96 
mine and tailings of Pinggu in Beijing, and found that As, Cd, Cu, Pb and Zn 97 
pollution was more serious in the gold mine and surrounding area, which was 98 
obviously affected by human activities. Furthermore, heavy metal spatial variations in 99 
agricultural soils of China obtained through Kriging showed that heavy metals have 100 
clear regional characteristics and the southwest of China has relatively high heavy 101 
metal concentrations in soils．The ordinary point kriging estimates of Pb concentration 102 
were mapped. White et al. (1997) created soil Zinc Maps of the USA using 103 
Geostatistics and Geographic Information Systems. They showed spatial correlation at 104 
distances up to 470 km. Rodríguez et al. (2008) characterized and mapped the spatial 105 
variability patterns of seven topsoil heavy metals (Cr, Ni, Pb, Cu, Zn, Hg and Cd) 106 
within the Ebro river basin in Spain by Multivariate Factorial Kriging. Ersoy et al. 107 
  
(2004) determined the extent and severity of the pollution levels on land contaminated 108 
by past mining activity through using geostatistical techniques.  109 
Based on the criteria of frequency of occurrence in the environment, toxicity, and 110 
potential exposure to humans, heavy metals (such as arsenic[As], cadmium [Cd] and 111 
lead [Pb]) are ranked highly as the most hazardous substances in the environment 112 
(ATSDR, 2007). Other studies also revealed that Cd (Achanzar et al. 2001), Pb 113 
(Martin et al. 2003) and As (Singh et al., 2015) were harmful to human liver, and 114 
endocrine and reproduction systems. The contaminant levels contained in adipose 115 
tissue of uterine fibroid disease patients revealed that, As (0.59 μg/kg fat; 0.32), Cd 116 
(0.38 μg/kg fat; 0.27) and Pb (5.24 μg/kg fat; 3.36) were significantly higher (p<0.01) 117 
in patients with uterine fibroid disease than their normal counterparts (Yan et al. 118 
2010). It has also been revealed that elevated levels of Pb and Cd were detected in 119 
smokers’ blood, milk and hair (Mortada 2004; Godschalk et al. 2005). However, the 120 
majority of published data concerning toxicity of Cd, Pb and As has been conducted 121 
separately (Martin et al. 2003; Yoshida et al. 2004; Singh et al., 2015). Only a few 122 
studies concerned the co-exposure effects of Cd, Pb and As in the environment 123 
(Vakharia et al. 2001a, b).  124 
Metallothioneins (MTs) are ubiquitous low molecular weight proteins which 125 
contain 20 cysteine residues in mammalian MTs at invariant positions, and bind 126 
heavy metals such as Zn, Cu, Cd and Hg (Klaassen, Liu et al. 1999; Tapiero and Tew 127 
2003; Chasapis, Loutsidou et al. 2012). Thus, the protein has been considered a 128 
  
suitable biochemical marker for metal exposure. Previous studies employed the MT 129 
proteins to monitor the coastal sediments which are contaminated by heavy metals 130 
(Wong et al. 2000; Kwok et al. 2010). In the present study, MT protein is used to 131 
assess the changes of co-exposure by heavy metals, and to investigate the influence of 132 
heavy metals on the induction of MT protein on human cell lines. 133 
Human exposure around mining districts is mainly through oral intake of food 134 
and dermal contact. The HepG2 cell line has been used to evaluate the potential 135 
adverse effects of metals on human health via food ingestion (Huang et al., 2015; 136 
Darwish et al., 2016) whilst KERTr cell model has been used to evaluate house dust 137 
via dermal contact (Arlian et al. 2008; Kang et al., 2014). The objectives of the 138 
present investigation were firstly to investigate paddy soil and rice contamination 139 
spatial variability around a lead mining area of south China and secondly explore the 140 
co-exposure effects of heavy metals (Cd, Pb, As) on human HepG2 cells and human 141 
keratinocyte cells.  142 
 143 
 144 
 145 
 146 
 147 
 148 
 149 
  
 150 
2. Materials and Methods  151 
2.1. Sampling area 152 
  The sampling area is near a mining district of south China. The climate is 153 
subtropical and average rainfall is about 1300 mm. The average temperature is 18℃, 154 
with lowest temperature 9-3 ℃ in January and highest temperature 26-35 ℃ in August. 155 
The mine is one of the largest Pb in South China.  The main metal products are as 156 
follows, Pb, Zn, Ag, Au, Cu, Mn and have caused significant pollution to paddy fields 157 
through discharge of waste gas, water and residues from the mining activities. 158 
 159 
2.2 Sample collection and treatment 160 
  Soil samples were collected in the paddy fields around the mining area, on which 161 
samples of rice were also correspondingly collected. Soil samples were collected to a 162 
depth of 20 cm, from the paddy fields. In total, 147 soil samples and 129 rice samples 163 
were collected around the area of the mine. Ninety-five percent of the agricultural 164 
production in this areas investigated is for self-consumption. A mesh method 165 
（500×500m）was used for sampling, whilst sampling points were increased in the 166 
dense paddy field areas. The soils were air-dried and ground to pass through a 100 167 
mesh screen. The plants were washed with tap water to remove adhering soil, rinsed 168 
with deionized water, oven dried at 60 ℃ for 48h and then ground to a fine powder 169 
using an agate mortar and pestle.  170 
  
 171 
2.2. Heavy metal determination in soils and rice 172 
Soil pH values were measured in a 1:2.5 soil-water suspension. The soils were 173 
digested by using HNO3-HF-HClO4 (Lu 2000; Lv et al. 2013), while Pb 174 
concentrations were determined by ICP-AES（Optima 5300DV, Perkin Elmer, USA）, 175 
and Cd contents were determined by graphite furnace atomic absorption 176 
spectrophotometer (Lu 2000).  177 
For total As determination, rice samples were digested using HNO3 (Wu et al., 178 
2016), and determined using HG-AFS (AFS-8230, Beijing Jitian Instruments Co., 179 
China) (Shi et al., 2013; Wu et al., 2016). A certified reference material (bush 180 
branches and leaves, GBW07603) was used and As recovery ranged from 85.5% to 181 
93.5% (n = 3). 182 
 183 
2.3. HepG2 and Keratinocyte Cell Cultures 184 
Sodium arsenite, lead nitrate, and cadmium chloride (all 99 to 100% pure) were 185 
obtained from Sigma-Aldrich, USA. A 10 to 20 mM stock solution of each salt was 186 
prepared using deionized water.  Stock solutions of metals were stored at room 187 
temperature (25℃) and fresh dilutions were made prior to each experiment. 188 
The HepG2 cell line (human hepatocellular liver carcinoma cell line) and CCD 189 
1106 KERTr cell line (human skin derived keratinocyte) were obtained from the 190 
American Type Culture Collection (ATCC, Rockville, USA). The HepG2 cells were 191 
  
grown in Eagle’s minimal essential medium, supplemented by 10% fetal bovine 192 
serum, which the KERTr cells were grown in Keratinocyte-serum free medium 193 
(Gibco, USA), supplemented with 0.05 mg/ml bovine pituitary extract (BPE) and 35 194 
ng/ml epidermal growth factor (EGF). The HepG2 cell cultures were maintained in 195 
25-cm2 (Keratinocyte cell in 75-cm2) surface area tissue culture flasks from Nunc 196 
(Denmark), in a 5% CO2 incubator (2406-2, Shellab, USA) at 37 ℃. 197 
During culture growth at around 80-100% confluence, the HepG2 cells were 198 
trypsinized, counted, and seeded onto 96-well tissue culture microtiter plates at a 199 
density of 2×104 cells/100μl/well. The KERTr cells were seeded onto 96-well tissue 200 
culture microtiter plates at a density of 1×104 cells/100 μl/well. After 24 h, the cell 201 
culture was removed and replaced by 100 μl culture media containing single metals or 202 
their mixtures. In each well, the final concentration of DMSO was limited to 0.5%. 203 
 204 
2.4. Measurement of Cell Viability 205 
HepG2 and KERTr cell viability after treatment with metals was determined by 206 
testing the capability of reducing enzymes present in viable cells to convert 207 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to formazan 208 
crystals (Vakharia et al. 2001a; Vakharia et al. 2001b). After 24 h incubation, the 209 
culture media were removed and the cells washed twice with warm PBS. The cells 210 
were then incubated with serum free medium containing 0.5 mg MTT/ml at 37℃ for 4 211 
h. The media were removed and replaced with 100 μl DMSO to dissolve the violet 212 
  
crystals. The plate was covered and shaken for 15 min. Then, the colored solution was 213 
detected at 540 nm and at 690 nm as a reference wavelength, using a 214 
spectrophotometer (Elx 800, BioTek, USA). 0.5% DMSO treated cells were used as 215 
the 100% viable control. 216 
Plasma membrane integrity was assessed by measuring LDH leakage into the 217 
culture medium (Bergmeyer and Bernt 1974; Peters et al. 2004). The reduction of 218 
NADH in the presence of pyruvate was measured in the culture medium of cells that 219 
had been exposed to the metals for 72 h. In one cuvette 100 μl medium, 1 ml 220 
phosphate buffer containing 66 mg/l pyruvate and 20 μl NADH were added and 221 
measured spectrophotometrically (UV-1601, Shimadzu, Japan) at 340 nm (every 0.4s 222 
during 20s at room temperature). The control was performed with 0.1% (w/v) Triton 223 
X-100 and set as 100% LDH release. 224 
 225 
2.5. Metallothionein Bioassay 226 
The bioassay was based on the method described by Yang et al. (1993)(Yang et al. 227 
1993). The cells were washed twice with 2 ml of the provided ‘Wash Buffer’ and then 228 
homogenized with 1 ml of 0.2M Na-phosphate buffer and 5 μl of protease inhibitor. 229 
After cooling on ice for 10 min, the homogenates were centrifuged at 1000 g at 4℃ 230 
for 10 min. The supernatant was then used for MT quantifications. All procedures 231 
were performed on ice to prevent denaturation of proteins. 232 
For metallothionein determination, about 500 μl of supernatant was first transferred 233 
  
into a 1.5 ml micro-centrifuge tube and heated in a water bath at 80℃ for 5 234 
min to destroy unwanted proteins. The tubes were then cooled in an ice bath and 235 
centrifuged at 9000 g at 4℃ for 5 min. Supernatant (230 μl) was added with 120μl of 236 
4 mM EDTA (Sigma-aldrich) (added with 1N HCl (Riedel-de Haën) in a 1.5ml plastic 237 
cuvette). 150 μl of freshly prepared 2M NaCl + 0.43 mM DTNB 238 
(5,5′-Dithiobis(2-nitrobenzoic acid), Sigma-aldrich) and 1000 μl of phosphate buffer 239 
(Na2HPO4 + NaH2PO4(Riedel-de Haën), pH 8.0) were added into the cuvettes, mixed 240 
and incubated for 15 min. Absorbance of the mixtures were then measured at 412 nm 241 
using a spectrophotometer (Tecan Infinit F200, Tecan, Switzerland) (Ellman 1958). 242 
 243 
2.6. Data Analysis 244 
All data were represented as mean ±SD and analyzed using SPSS 23.0. Maps were 245 
generated using the ArcGIS V10.2 (ESRI Corporation). Figures were created using 246 
Origin 8.0. Statistical significance was tested by Student’s t-test or one-way analysis 247 
of variance (ANOVA) followed by Duncan’s Multiple Range Test.  248 
 249 
3. Results and Discussions  250 
3.1 Contamination in paddy soils 251 
The heavy metal concentrations and pH of the paddy soils are shown in Table 1. 252 
The average concentration of Pb, Cd and As in paddy soils were 516.7 mg·kg-1, 11.7 253 
mg·kg-1 and 35.1 mg·kg-1 respectively. 254 
  
The coefficient of variation of Pb, Cd and As concentrations in the mine district 255 
were 130%, 253% and 121% respectively. The order for the metals were: As﹤Pb﹤256 
Cd. The coefficient of variation (CV), also known as relative standard deviation 257 
(RSD), is a standardized measure of dispersion of a probability distribution, it reflects 258 
the average variance for the sampling points. The greater the coefficient of variance, 259 
the larger the variance between metal concentrations of the sampling points, thereby 260 
showing more influence from human activities. The lower the coefficient of variance, 261 
the smaller the variance between the metal concentrations of the sampling points, 262 
which shows less influence by human activities (Atalay et al. 2007). The coefficient 263 
of variance of Pb, Cd and As were larger than 100%, showing a high degree of 264 
variance (Zhang and Lei 2013). This demonstrated that the metal concentrations of 265 
surface paddy soils were uneven between sampling points, and mainly affected by 266 
human activities, not soil properties. 267 
The skewness of metal concentrations was greater than 0, revealing that surface 268 
soil metal concentrations were affected by exterior factors. Sample Kurtosis reflects 269 
the variance of metal concentrations, showing Cd concentration variance was much 270 
more significant than Pb and As (Sun et al. 2014). According to the environmental 271 
quality standard for agricultural soils in China (GB15618-1995), average 272 
concentrations of Pb, Cd and As all exceeded the second level criterion for 273 
agricultural soils, especially for Cd contamination.  Average concentrations of Pb, 274 
Cd and As were approximately 17, 92 and 2 times greater than background values, 275 
  
indicating that exterior input of these elements had important effects on the 276 
accumulation in soils, especially being significant for Cd. 277 
 278 
3.2 Contamination in rice 279 
Heavy metal concentrations in rice are shown in Table 2.  The average 280 
concentrations of Pb, Cd and As were 22.7 mg·kg-1, 1.1 mg·kg-1 and 0.7 mg·kg-1 281 
respectively.  According to the China food safety quality standard for maximum 282 
levels of contaminants in foods (GB 2762-2012), average concentrations of Pb 283 
exceeded the criterion being approximately 114 times greater than the limit value. 284 
According to the China agricultural industry standard (NY 861-2004), Pb 285 
concentrations in rice were about 57 times greater than the limit value; Cd also 286 
exceeded the limit value, whilst As did not exceed the limit value (Table 2).  287 
The coefficient of variation for Pb, Cd and As concentrations in rice were all 288 
greater than 100%, showing a high variance, and being significantly influenced by 289 
external inputs from human activities.  290 
The bioconcentration factor (BF) of rice for the three metals were calculated 291 
according to the following equations (Mcgrath and Zhao 2003): BF = [Metal]shoot 292 
/[Metal]soil, which reflected the uptake and accumulation of metals in rice grains. The 293 
BF order was: As＞Pb＞Cd, with BF 1.06, 0.90 and 0.72 respectively (Table 2), 294 
revealing high risks for crops and humans. The variance of different metals may be 295 
due to metal speciation and the interaction between different metals (Moreno-Jiménez 296 
  
et al. 2006). 297 
3.3 Spatial distribution of contaminants in paddy soils 298 
Taking surface soil of the mine district, 147 surface soil samples were analyzed, 299 
and the statistical index, semi-variogram function model and kriging interpolation of 300 
ArcGIS software were used for the analysis. The spatial distribution of heavy metal 301 
concentrations in soils is shown in Fig. 1.  In the district, the distribution of Pb, Cd 302 
and As was similar, with the concentration greater in the central area and lower in the 303 
surrounding areas; for Pb and As, the concentrations were higher in the north areas 304 
than the south areas.  Lead concentrations in the central area were over 1000 mg·kg-1, 305 
showing high contamination. Most areas were highly contaminated with Cd, 306 
especially in the north.  Around the gold mine there is a deep red area showing As 307 
concentrations of 117 mg·kg-1 indicating a high risk. The higher contents of Pb, Cd 308 
and As detected in soils around the factories, indicates that their spatial distribution 309 
has been influenced by human activities.  310 
 311 
3.4 Spatial distribution of contaminants in rice 312 
According to their spatial distribution in rice, the concentrations of Pb, Cd and 313 
As were higher in the central area but much lower in surrounding areas (Fig. 2). The 314 
mining industry in this location is highly developed and as a consequence the wastes 315 
generated have caused serious contamination and metal accumulation in the 316 
surrounding soils (Zheng et al. 2007; Peng et al. 2014). The contents of Pb, Cd and As 317 
  
in soils near the industrial park are higher, and  appear  to  form  a  center  318 
island  spatial  distribution tending to diffuse into  the  surrounding areas. 319 
Furthermore, the prevailing winds have re-entrained metals to accumulate in the south 320 
corner of the research district, whilst the use of pesticides and fertilizers in paddy 321 
fields has led to metal accumulation in soils (Chen et al. 2008; Aydin et al. 2010).  322 
 323 
3.5 Effect of Metals on Human HepG2 and KERTr Cell Viabilities 324 
The effects of the metals on HepG2 and KERTr cell viabilities were tested at 1, 5, 325 
10, and 25 μM after a 24 h incubation period using the MTT assay. The metals 326 
differentially affected viabilities (Fig. 3), none of the metals affected HepG2 and 327 
KERTr cell viability at 1 μM. However, at 5 μM, cell viabilities as a result of the 328 
different contaminants were, As: (HepG2 cell 85.5%; KERTr cell 90.8%), Cd: (75.8%; 329 
86.4%) and Pb: (96.2%; 94.0%) respectively.  This indicated that 5 μM is a critical 330 
concentration, which can influence cell viability, even though the toxicity was not 331 
high. Cell viability studies with LDH (Fig. 4) yielded similar results as with MTT.  332 
 333 
3.6 MT Protein Induction on Human HepG2 and KERTr Cells 334 
Figure 5 presents the MT protein induction between mixed metal groups and single 335 
metals on human HepG2 cell-lines, with Pb (0.008 mg/ml), Cd (0.013), As (0.0155), 336 
Pb+Cd (0.015), As+Pb (0.012), As+Cd (0.016) and As+Pb+Cd (0.014) respectively. 337 
Figure 6 compares the MT protein induction between metal groups and single 338 
  
metals on human KERTr cell-lines, with Pb (0.0075 mg/ml), Cd (0.005), As (0.0055), 339 
Pb+Cd (0.009), As+Pb (0.0085), As+Cd (0.005) and Cd+Hg+As (0.005) respectively. 340 
The experiment on MT protein induction on human HepG2 cells was conducted to 341 
investigate the effects of As, Pb and Cd induction of MT protein on human HepG2 342 
cells. MT proteins are small, cysteine-rich heavy metal-binding proteins which 343 
participate in an array of protective stress responses (Andrews 2000; Chasapis, 344 
Loutsidou et al. 2012). Since the discovery of the metal-binding protein 345 
metallothionein (MT) in horse kidneys in the 1950s (Margoshes and Vallee 1957), 346 
there have been a vast number of studies focusing on this group of metal-chelating 347 
proteins in various organisms and cells, including human breast cancer cells (Jin et al. 348 
2002), human ovarian cancer cells (Schilder et al. 2006), and aquatic invertebrates 349 
(Amiard et al. 2006).  350 
It has been confirmed in mice that As can potentiate Cd nephrotoxicity during 351 
long-term, combined exposure (Liu et al. 2000). In another study it has been 352 
demonstrated that exposure to two or more heavy metals can considerably increase 353 
the mortality rate of nematode species, at low metal concentrations, than single metals 354 
(Wah and Chow 2002). However, according to our results, some heavy metal 355 
co-exposure induced less MT protein expression in both human HepG2 and KERTr 356 
cells than with single metals, which may be due to the antagonistic effects between 357 
these metals (Bellés et al. 2002). Garcia and Corredor (2004) proved that exposure to 358 
both Pb and Cd appears to protect against the toxicity produced by Pb or Cd 359 
  
separately in pregnant rats. Bellés et al. (2002) showed that exposure of Pb and As to 360 
pregnant mice were practically nontoxic, but concurrently with Hg caused 361 
supra-additive interactions. 362 
 363 
4. Conclusion 364 
Significant heavy metal contamination was observed in the mine fields with different 365 
degrees of heavy metal pollution. In the soil, the contents of Pb, Cd and As were 366 
516.7, 11.7 and 35.1 mg·kg-1 respectively. The content of Cd exceeded 82% of the 367 
environmental quality standard for agricultural soils in China. The contents of Pb, Cd 368 
and As in rice were 22.7, 1.1 and 0.7 mg·kg-1 respectively. These concentrations are 369 
higher than the agricultural industry standard of China for rice. The higher contents of 370 
Pb, Cd and As may be detected in soils around the factories, indicating that the spatial 371 
distribution of heavy metals can be influenced by human activities.  372 
The metals differentially affected cell viability, with viability decreasing with 373 
increasing metal concentrations. At 5 μM, the cell viabilities were As: (HepG2 cell 374 
85.5%; KERTr cell 90.8%), Cd: (75.8%; 86.4%) and Pb: (96.2%; 94.0%) respectively. 375 
The MT protein induction between metal groups and single metals on human HepG2 376 
cell-lines were Pb (0.008 mg/ml), Cd (0.013), As (0.0155), Pb+Cd (0.015), As+Pb 377 
(0.012), As+Cd (0.016) and As+Pb+Cd (0.014) respectively. The MT protein 378 
induction between metal groups and single metals on human KERTr cell-lines were 379 
Pb (0.0075 mg/ml), Cd (0.005), As (0.0055), Pb+Cd (0.009), As+Pb (0.0085), As+Cd 380 
  
(0.005) and Cd+Hg+As (0.005) respectively.  381 
Conversely, co-exposure to heavy metals (Pb+Cd) may increase the metal (Pb or 382 
Cd)-mediated MT protein induction in both human HepG2 and KERTr cells. Since the 383 
increased levels of MT protein will lead to increased carcinogenic incidence, it is 384 
likely that chronic exposure to metal mixtures may increase the risk of single metals 385 
on human health. However when co-exposure to two or more metals (such as As+Pb) 386 
occurs, they may have antagonistic effects reducing the toxic effects of these 387 
pollutants. 388 
 389 
 390 
Acknowledgments 391 
Financial support from the China Postdoctoral Science Foundation (No. 392 
2016M590755) and Research Award Fund for Outstanding Young Teachers of Central 393 
South University, China are gratefully acknowledged.  394 
 395 
References 396 
Achanzar, W. E., et al. (2001). "Inorganic arsenite-induced malignant 397 
transformation of human prostate epithelial cells." Cancer Research 61(2): 455-458. 398 
Agency for Toxic Substances and Disease Registry. Atlanta: 2007. 2007 399 
CERCLA priority list of hazardous substances. 400 
http://www.atsdr.cdc.gov/cercla/. 401 
Amiard, J. C., et al. (2006). "Metallothioneins in aquatic invertebrates: Their role 402 
in metal detoxification and their use as biomarkers." Aquatic Toxicology 76(2): 403 
160-202. 404 
Andrews, G. K. (2000). "Regulation of metallothionein gene expression by 405 
oxidative stress and metal ions." Biochemical Pharmacology 59(59): 95-104. 406 
Arlian, L. G., et al. (2008). "House Dust and Storage Mite Extracts Influence 407 
Skin Keratinocyte and Fibroblast Function." International Archives of Allergy & 408 
Immunology 145(1): 33-42. 409 
Atalay, A., et al. (2007). "Nutrient and Microbial Dynamics in Biosolids 410 
Amended Soils Following Rainfall Simulation." Soil & Sediment Contamination 411 
  
16(2): 209-219. 412 
Aydin, et al. (2010). "Hazardous metal geochemistry of sedimentary phosphate 413 
rock used for fertilizer (Mazıdag, SE Anatolia, Turkey)." Microchemical Journal 414 
96(96): 247-251. 415 
Bellés, M., et al. (2002). "Interactions in developmental toxicology: effects of 416 
concurrent exposure to lead, organic mercury, and arsenic in pregnant mice." Archives 417 
of Environmental Contamination & Toxicology 42(1): 93-98. 418 
Bergmeyer, H. U. and E. Bernt (1974). "Lactate-dehydrogenase, UV-assay with 419 
pyruvate and NADH. In: Bergmeyer HU, editor. Methods of enzymatic analysis." 420 
Methods Enzymatic Analysis 2: 574-579. 421 
Candeias, C., et al. (2014). "Heavy metal pollution in mine–soil–plant system in 422 
S. Francisco de Assis – Panasqueira mine (Portugal)." Applied Geochemistry 44(3): 423 
12-26. 424 
Chasapis, C. T., et al. (2011). "Zinc and human health: an update." Archives of 425 
Toxicology 86(4): 521-534. 426 
Chen, T., et al. (2008). "Identification of trace element sources and associated 427 
risk assessment in vegetable soils of the urban–rural transitional area of Hangzhou, 428 
China." Environmental Pollution 151(1): 67-78. 429 
Cheung, K. C., et al. (2008a). "Metal Concentrations of Common Freshwater and 430 
Marine Fish from the Pearl River Delta, South China." Archives of Environmental 431 
Contamination & Toxicology 54(4): 705-715. 432 
Cheung, K. C., et al. (2008b). "Exposure to polybrominated diphenyl ethers 433 
associated with consumption of marine and freshwater fish in Hong Kong." 434 
Chemosphere 70(9): 1707-1720. 435 
Darwish, W. S., et al. (2015). "Constitutive Effects of Lead on Aryl Hydrocarbon 436 
Receptor Gene Battery and Protection by β-carotene and Ascorbic Acid in Human 437 
HepG2 Cells." Journal of Food Science. 438 
Dinelli, E. and F. Tateo (2001). "Factors controlling heavy-metal dispersion in 439 
mining areas: the case of Vigonzano (northern Italy), a Fe-Cu sulfide deposit 440 
associated with ophiolitic rocks." Environmental Geology 40(9): 1138-1150. 441 
Dobrowolski, Z., et al. (2002). "Trace Elements Distribution in Renal Cell 442 
Carcinoma Depending on Stage of Disease." European Urology 42(5): 475-480. 443 
Ellman, G. L. (1958). "A colorimetric method for determining low concentrations 444 
of mercaptans." Archives of Biochemistry & Biophysics 74(2): 443-450. 445 
Ersoy, A., et al. (2004). "Characterization of Land Contaminated by Past Heavy 446 
Metal Mining Using Geostatistical Methods." Archives of Environmental 447 
Contamination & Toxicology 46(2): 162-175. 448 
Espinosareyes, G., et al. (2014). "Effect of mining activities in biotic 449 
communities of Villa de la Paz, San Luis Potosi, Mexico." Biomed Research 450 
International 2014(1): 126-143. 451 
Galán, E., et al. (2003). "Heavy metal partitioning in river sediments severely 452 
polluted by acid mine drainage in the Iberian Pyrite Belt." Applied Geochemistry 453 
18(3): 409-421. 454 
Garcia, T. A. and L. Corredor (2004). "Biochemical changes in the kidneys after 455 
perinatal intoxication with lead and/or cadmium and their antagonistic effects when 456 
coadministered." Ecotoxicology & Environmental Safety 57(2): 184-189. 457 
Godschalk, R., et al. (2005). "Interaction between cadmium and aromatic DNA 458 
adducts in hprt mutagenesis during foetal development." Mutagenesis 20(3): 181-185. 459 
Goldman, L. R. and M. W. Shannon (2001). "Mercury in the environment: 460 
implications for pediatricians." 461 
Huang, M., et al. (2015). "Potential cytotoxicity of water-soluble fraction of dust 462 
and particulate matters and relation to metal(loid)s based on three human cell lines." 463 
Chemosphere 135: 61-66. 464 
Jin, R., et al. (2002). "Metallothionein 2A expression is associated with cell 465 
proliferation in breast cancer." Carcinogenesis 23(1): 81-86. 466 
Karim, Z., et al. (2015). "Geochemical baseline determination and pollution 467 
assessment of heavy metals in urban soils of Karachi, Pakistan." Ecological Indicators 468 
48(48): 358-364. 469 
  
Ke, Y. B., et al. (2009). "Increased levels of oxidative DNA damage attributable 470 
to cooking-oil fumes exposure among cooks." Inhalation Toxicology 21(8): 682-687. 471 
Kitchin, K. T. (2001). "Recent Advances in Arsenic Carcinogenesis: Modes of 472 
Action, Animal Model Systems, and Methylated Arsenic Metabolites ☆." Toxicology 473 
& Applied Pharmacology 172(3): 249-261. 474 
Klaassen, C. D., et al. (2003). "Metallothionein: an intracellular protein to protect 475 
against cadmium toxicity." Annual Review of Pharmacology 39(39): 267-294. 476 
Kwok, C. K., et al. (2010). "Ecotoxicological study on sediments of Mai Po 477 
marshes, Hong Kong using organisms and biomarkers." Ecotoxicology & 478 
Environmental Safety 73(4): 541-549. 479 
Li, J., et al. (2015). "Arsenic relative bioavailability in contaminated soils: 480 
comparison of animal models, dosing schemes and biological endpoints." 481 
Environmental Science & Technology 50(1). 482 
Liao, X. Y., Chen, T.B., Xie, H., et al. (2005). "Environment International." (31): 483 
791-798. 484 
Liu, J., et al. (2000). "Chronic combined exposure to cadmium and arsenic 485 
exacerbates nephrotoxicity, particularly in metallothionein-I/II null mice." Toxicology 486 
147(3): 157-166. 487 
Lu, R. K. (2000). "Analysis Method of Soil and Agricultural Chemistry,." China 488 
Agricultural Science & Technology Press, Beijing. 489 
Lv, J., et al. (2013). "Factorial kriging and stepwise regression approach to 490 
identify environmental factors influencing spatial multi-scale variability of heavy 491 
metals in soils." Journal of Hazardous Materials 261(13): 387-397. 492 
Margoshes, M. and B. L. Vallee (1957). "A CADMIUM PROTEIN FROM 493 
EQUINE KIDNEY CORTEX." J.am.chem.soc 79(17): 4813-4814. 494 
Martin, M. B., et al. (2003). "Estrogen-Like Activity of Metals in Mcf-7 Breast 495 
Cancer Cells." Endocrinology 144(6): 2425-2436. 496 
Mcgarry, M. A., et al. (2002). "Benzo( a )pyrene, but not 497 
2,3,7,8-tetrachlorodibenzo- p -dioxin, alters cell adhesion proteins in human uterine 498 
RL95-2 cells ☆." Biochemical & Biophysical Research Communications 294(1): 499 
101-107. 500 
Mcgrath, D., et al. (2004). "Geostatistical analyses and hazard assessment on soil 501 
lead in Silvermines area, Ireland." Environmental Pollution 127(2): 239-248. 502 
Mcgrath, S. P. and F. J. Zhao (2003). "Phytoextraction of metals and metalloids 503 
from contaminated soils." Current Opinion in Biotechnology 14(3): 277-282. 504 
Moreno-Jiménez, E., et al. (2006). "Mercury bioaccumulation and phytotoxicity 505 
in two wild plant species of Almadén area." Chemosphere 63(11): 1969-1973. 506 
Mortada, W., Sobh MA, EI-Defrawy MM, (2004). "The exposure to cadmium, 507 
lead and mercury from smoking and its impact on renal integrity." Medical Science 508 
Monitor 10: CR 112-116. 509 
Muthusamy, S., et al. (2016). "The binary, ternary and quaternary mixture 510 
toxicity of benzo[a]pyrene, arsenic, cadmium and lead in HepG2 cells." Toxicology 511 
Research 5(2): 703-713. 512 
Naseri, M., et al. (2015). "Concentration of some heavy metals in rice types 513 
available in Shiraz market and human health risk assessment." Food Chemistry 175: 514 
243-248. 515 
Peng, H. Y., et al. (2014). "Spatial Distributions and Sources of Heavy Metal 516 
Pollution in Soils Around Recycled Lead Industrial Park." Soil 46(5): 869-874. 517 
Peters, A. K., et al. (2004). "Effects of polybrominated diphenyl ethers on basal 518 
and TCDD-induced ethoxyresorufin activity and cytochrome P450-1A1 expression in 519 
MCF-7, HepG2, and H4IIE cells." Toxicological Sciences 82(2): 488-496. 520 
Rahman, M. A., et al. (2014). "Heavy metals in Australian grown and imported 521 
rice and vegetables on sale in Australia: Health hazard." Ecotoxicology & 522 
Environmental Safety 100(1): 53-60. 523 
Rodríguez, J. A., et al. (2008). "Multiscale analysis of heavy metal contents in 524 
Spanish agricultural topsoils." Chemosphere 70(6): 1085-1096. 525 
Schilder, R. J., et al. (2006). "Metallothionein gene expression and resistance to 526 
cisplatin in human ovarian cancer." International Journal of Cancer 45(3): 416-422. 527 
  
Sevastyanova, O., et al. (2007). "In vitro genotoxicity of PAH mixtures and 528 
organic extract from urban air particles part II: human cell lines." Mutation Research 529 
620(1-2): 123-134. 530 
Seyfferth, A. L., et al. (2014). "Arsenic concentrations in paddy soil and rice and 531 
health implications for major rice-growing regions of Cambodia." Environmental 532 
Science & Technology 48(9): 4699-4706. 533 
Shi, G. L., et al. (2013). "Arsenic, copper, and zinc contamination in soil and 534 
wheat during coal mining, with assessment of health risks for the inhabitants of 535 
Huaibei, China." Environmental Science & Pollution Research 20(12): 8435-8445. 536 
Singh, R. D., et al. (2015). "Arsenic exposure causes epigenetic dysregulation of 537 
IL-8 expression leading to proneoplastic changes in kidney cells." Toxicology Letters 538 
237(1): 1-10. 539 
Sun, C. S., et al. (2014). "GIS-based spatial variability and pollution evaluation 540 
studies of heavy metal in arable layer of Baiyin District." ARID LAND 541 
GEOGRAPHY 37(04): 750-758. 542 
Tapiero, H. and K. D. Tew (2003). "Trace elements in human physiology and 543 
pathology: zinc and metallothioneins." Biomedicine & Pharmacotherapy 57(9): 544 
399-411. 545 
Teixeira, E., et al. (2001). "Distribution of selected heavy metals in fluvial 546 
sediments of the coal mining region of Baixo Jacuí, RS, Brazil." Environmental 547 
Geology 41(1): 145-154. 548 
Vakharia, D. D., et al. (2001a). "Polycyclic aromatic hydrocarbon/metal 549 
mixtures: effect on PAH induction of CYP1A1 in human HEPG2 cells." Drug 550 
Metabolism & Disposition 29(7): 999-1006. 551 
Vakharia, D. D., et al. (2001b). "Effect of Metals on Polycyclic Aromatic 552 
Hydrocarbon Induction of CYP1A1 and CYP1A2 in Human Hepatocyte Cultures." 553 
Toxicology & Applied Pharmacology 170(2): 93-103. 554 
Wah, C. and K. L. Chow (2002). "Synergistic toxicity of multiple heavy metals is 555 
revealed by a biological assay using a nematode and its transgenic derivative." 556 
Aquatic Toxicology 61(1-2): 53-64. 557 
White, J. G., et al. (1997). "Soil Zinc Map of the USA using Geostatistics and 558 
Geographic Information Systems." Soil Science Society of America Journal 61(1): 559 
185-194. 560 
Williams, P. N., et al. (2009). "Occurrence and Partitioning of Cadmium, Arsenic 561 
and Lead in Mine Impacted Paddy Rice: Hunan, China." Environmental Science & 562 
Technology 43(3): 637-642. 563 
Witte, K. M., et al. (2004). "Engelmann Spruce (Picea engelmannii) as a 564 
biological monitor of changes in soil metal loading related to past mining activity." 565 
Applied Geochemistry 19(9): 1367–1376. 566 
Wong, C. K. C., et al. (2000). "Ecotoxicological Assessment of Persistent 567 
Organic and Heavy Metal Contamination in Hong Kong Coastal Sediment." Archives 568 
of Environmental Contamination & Toxicology 38(4): 486-493. 569 
Wong, S. C., et al. (2002). "Heavy Metals in Agricultural Soils of Pearl River 570 
Delta, South China." Environmental Pollution 119(1): 33-44. 571 
Wu, C., et al. (2016). "The effect of silicon on iron plaque formation and arsenic 572 
accumulation in rice genotypes with different radial oxygen loss (ROL)." 573 
Environmental Pollution 212: 27-33. 574 
Yan, Y. Q., et al. (2010). "Persistent organic pollutants and heavy metals in 575 
adipose tissues of patients with uterine leiomyomas and the association of these 576 
pollutants with seafood diet, BMI, and age." Environmental Science & Pollution 577 
Research 17(1): 229-240. 578 
Yang, M. S., et al. (1993). "Feasibility studies on the use of sewage sludge as 579 
supplementary feed for rearing tilapia II. PCBs of the treated fish, and biochemical 580 
response in the fish liver." Environmental Technology 14: 1163-1169. 581 
Yang, M. S., et al. (2000). "Evaluating the role of dibutyl-CAMP and Ca++ as an 582 
MT inducer in a clonal rat hepatoma cell." Analusis 28(5): 391-395. 583 
Yoshida, T., et al. (2004). "Chronic health effects in people exposed to arsenic 584 
via the drinking water: dose–response relationships in review." Toxicology & Applied 585 
  
Pharmacology 198(3): 243-252. 586 
Yuan, K., et al. (2013). "Heavy metal influence on BDE-47 uptake in the human 587 
KERTr keratinocyte cell line." Environmental Toxicology 29(3): 354&ndash;361. 588 
Zhang, F. G. and G. P. Lei (2013). "Study on Spatial Variability of Soil Mercury 589 
of Zhaoyuan County in Heilongjiang Province." Research of Soil and Water 590 
Conservation 20(01): 273-276. 591 
ZHANG Aixing, et al. (2014). "Spatial Distribution, Fractionation and Pollution 592 
Assessment of Heavy Metals in Wanzhuang Gold Mining Field in Upstream Part of 593 
Water Conservation Area of Beijing, China." Journal of Agro-Environment Science 594 
33(12): 2321-2328. 595 
ZHANG Yaru, et al. (2014). "Spatial heterogeneity of soil organic carbon and 596 
total nitrogen in a monsoon evergreen broadleaf forest in Dinghushan, Guangdong, 597 
China." Chinese Journal of Applied Ecology 25(1): 19-23. 598 
Zhao, Q. G., et al. (2015). "Bulletin of Chinese Academy of Sciences." (30): 599 
21-27. 600 
Zheng, N., et al. (2007). "Health risk of Hg, Pb, Cd, Zn, and Cu to the inhabitants 601 
around Huludao Zinc Plant in China via consumption of vegetables." Science of the 602 
Total Environment 383(383): 81-89. 603 
Zhou, J. m., Dang, Z., Situ, Y., et al. (2004). "Distribution and Characteristics of 604 
Heavy Metals Contaminations in Soils from Dabaoshan Mine Area." Journal of 605 
Agro-Environment Science 23(6): 1172-1176. 606 
Zhu, Y. G., et al. (2008). "High Percentage Inorganic Arsenic Content of Mining 607 
Impacted and Nonimpacted Chinese Rice." Environmental Science & Technology 608 
42(13): 5008-5013. 609 
 610 
 611 
  612 
Table 1 Soil metal(loid) contents  613 
Element 
Minimum 
mg·kg-1 
Maximum 
mg·kg-1 
Mean 
mg·kg-1 
Standard 
Deviation 
Coefficient 
of variation  
% 
Skewness Kurtosis 
GB 15618 
-19951 
 
Background 
Value2 
Pb 43.16 4961 516.7 674.2 130 4.2 23.9 250(pH﹤6.5) 29.7(pH 5.6) 
        300 (pH 6.5-7.5)  
        350(pH>7.5)  
Cd ﹤0.001 248.5 11.7 29.5 253 6.4 46.3 0.30(pH﹤6.5) 0.126(pH 5.6) 
        0.60(pH 6.5-7.5)  
        1.0(pH>7.5)  
As 0.02 300.8 35.1 42.4 121 3.7 17.7 30(pH﹤6.5) 15.7(pH 5.6) 
        25(pH 6.5-7.5)  
        20(pH>7.5)  
1 Environmental quality standard for agricultural soils in China，2 [122]。 614 
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Table 2 Rice metal(loid) contents  631 
Element 
Minimum 
mg·kg-1 
Maximum 
mg·kg-1 
Mean 
mg·kg-1 
Standard 
Deviation 
Variation 
Coefficient 
% 
GB 2762- 
20121 
NY 861- 
20042 
AF Mean AF 
Pb ﹤.001 1172 22.7 108.6 477 0.2 0.4 0.03-0.05 0.90 
Cd ﹤.001 8.9 1.1 2.1 194 0.2 0.2 0.05-7.09 0.72 
As ﹤.001 5.4 0.7 1.3 191 0.2 0.7 0.03-0.17 1.06 
1the maximum safe contaminant concentration standard in food of China，2 the agricultural 632 
industry standard of China，3 Accumulation factor of heavy metals in rice 633 
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Fig. 1. Spatial distribution of contaminants in soils around the region surrounding the gold 661 
mine  662 
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Fig. 2. Spatial distribution of contaminants in rice growing around the gold mine region 692 
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 704 
Fig. 3. Effects of lead nitrate (Pb), cadmium chloride (Cd) and sodium arsenite (As), on (a) 705 
human HepG2 cells and (b) KERTr cell viabilities. Viability was tested 24 h after treatment with a 706 
range (1-25 μM) of metals using the MTT assay. Values represent the mean ± SD of triplicate 707 
determinations on cells. At 5 μM, Pb, Cd, or As cell viability was 96.2%, 75.8%, 85.5%, 708 
respectively for HepG2 cells and 94.0%, 86.4%, 90.8% respectively for KERTr cells. 709 
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Fig. 4. Effects of lead nitrate (Pb), cadmium chloride (Cd), and sodium arsenite (As) on (a) 735 
human HepG2 cells and (b)KERTr cell viabilities. Viability was tested 24 h after treatment with a 736 
range (1-25 μM) of metal concentrations using the LDH assay. Values represent the mean ± SD of 737 
triplicate determinations on cells. 1 represent DMSO group, 2 represent control group. 738 
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Fig. 5. Effects of Pb, Cd, and As induced metallothionein on human HepG2 cells over 24 h. 764 
*p<0.05, **p<0.01 represent the comparison of metal groups according to Student t-test. 765 
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Fig. 6. Effects of Pb, Cd, and As induced metallothionein on human KERTr cells over 24 h. 793 
*p<0.05, **p<0.01 represent the comparison of metal groups according to Student t-test. 794 
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